Objectives: To compare digital images of conventional radiographs with the original radiographs for perceived clarity of endodontic files, periapical lesions and carious lesions, and to establish the diagnostic value of the digital images. Methods: Four groups of ten radiographs were used: standardized bitewings demonstrating carious lesions, periapical radiographs of apical lesions, periapical radiographs showing endodontic files of various sizes at working length, and standardized periapical radiographs with size 08 files at working length. Radiographs were photographed using an Olympus C 2500-L digital camera and a Nikon D1X digital camera and were scanned using a Nikon Supercoolscan 4000 ED film/slide scanner. The digital images were then transferred to a Toshiba Satellite 2210 laptop. Three general dental practitioners compared each conventional radiograph with the three matching digital images. Images were ranked for clarity and were assessed for diagnostic quality. Data were analysed using General Estimating Equations. Results: The clarity and diagnostic quality of the conventional radiographs were superior to the digital images produced by the three techniques (P , 0.001). No significant difference was found between the Nikon D1X and Camedia 2500-L cameras for clarity or diagnostic quality. The scanner was equivalent to the Camedia 2500-L camera for diagnostic quality, but was otherwise inferior to both cameras. Conclusions: Digitizing conventional radiographs using current high-grade digital cameras or scanners does not produce images of diagnostic quality. Improved resolution of viewing monitors is necessary to fully harness the potential of digital technology.
Introduction
Digital radiography is becoming popular and since the early 1990s a number of studies have compared conventional periapical radiographs with digitized radiographs. Sanderink et al 1 concluded that direct digital radiography (DDR) using the RadioVisioGraphy (RVG) system (Trophy, Paris, France) was comparable with conventional radiography for determining root canal length using ISO size 15 files but inferior to conventional images when size 10 files were used. However, Garcia et al 2 found that there were no statistically significant differences between DDR using the Sens-A-Ray system (AMPAC Dental, Rockdale, Australia) and conventional radiography when estimating endodontic working length. This is also applicable to the Digora (Soredex Orion Corporation, Helsinki, Finland) photostimulable storage phosphor luminescence imaging system. 3 Recently, DDR was found to be comparable with conventional E-speed films in estimating lengths of canals with various curvatures when using built-in measuring software, although the image quality could be further optimized. 4 The clarity of a digital image, however, is also an important consideration for clinical practice, and even with a radiopaque contrast medium, Digora digital image modes were inferior to conventional radiographs for assessing root canal anatomy. 5 Similarly, when looking at the perceived clarity of an endodontic file tip and of periapical lesions, Digora images were significantly inferior to conventional films. also inferior to the conventional radiographs when looking at size 06 K-files. 7 While digitization of conventional radiographs and their comparison with the digitized images has been undertaken and published, a review of the literature showed no such studies using digital cameras as the means of digitization. 8, 9 Nevertheless, digital cameras have been used to digitize conventional radiographs, using the same image sensor technology as DDR -the charge-coupled device (CCD) -to acquire the image. 10 -12 The advantages of digital camera technology producing images of diagnostic quality would be several. First, it would make use of a clinical tool that is increasingly in use around the world. Second, digital photographs are suited for immediate data transmission, for instance via e-mail to a specialist colleague or dental laboratory. They can also be instantly integrated into dental practice software and stored. Third, the digital camera image could be diagnostically enhanced in a similar fashion to digital radiographs, using existing camera software. Fourth, a dental practice that is becoming totally computerized could use a digital camera as a means of transferring patient records (conventional radiographs) onto the practice database. Finally, use of digital photographs greatly enhances patient education and acceptance of treatment.
The aim of this study was to compare the quality of digital scans and photographs of conventional radiographs with the original radiographs for the perceived clarity of endodontic files, periapical and carious lesions, and to establish the diagnostic value of the digital images. The quality of digital photographs taken by a low-end digital camera was also compared with those from a professional digital camera and a top quality slide/film scanner.
Materials and methods
Forty radiographs were divided into four groups of ten. Ten radiographs were bitewings taken using a Combex DX-907 X-ray machine (Belmont, NJ) operating at 10 mA and 70 kVp. These showed carious lesions and were standardized by using a Kwik-Bite film holder (Hawe Neos Dental, Bioggio, Switzerland). Radiographs were developed using an All Pro 2000M automatic developer (All-Pro Imaging, Hicksville, USA). Ten radiographs were images of periapical lesions, from a collection employed in student teaching exercises. Another ten radiographs were periapical films showing root canal files of various sizes at or close to endodontic working length. The final group of radiographs consisted of films with ISO size 08 files at or close to working length. These were taken as part of treatment using a Snapex paralleling device/film holder (Dentsply Rinn, IL) and a Source I DX 066 X-ray machine (Belmont, NJ) at 10 mA and 70 kVp. Developing was done with a Peri Pro 111 automatic developer (All-Pro Imaging, Hicksville, USA). The original radiographs were intentionally selected to provide the evaluators with images of satisfactory quality for the area of interest. Informed consent was obtained where necessary prior to the use of the images in the study.
The 40 radiographs were placed in slide holders on a light viewing box (Magni Viewer III, Proyrex, Tokyo, Japan) and photographed using an Olympus Camedia 2500-L digital camera (Olympus Optical Co. Ltd., Tokyo, Japan) and a Nikon D1X digital camera (Nikon Corporation, Tokyo, Japan). A 43 -55 mm step-up ring and Olympic IS/L B-Macro lens was used with the Olympus camera, and a 60 mm Macro Nikkor lens with the Nikon camera. The Olympus camera has a CCD of 2.5 million pixels with a recording image of 1712 £ 1368 pixels, and the Nikon camera features a CCD of 5.47 million pixels with a recording image of 3008 £ 1960 pixels. The pixel values for both cameras are true values, that is, without interpolation.
The Nikon camera images were taken at the same camera -radiograph distance using a specially designed jig in use at the Medical Photography Unit. The Olympus images were taken with the camera flush with the surface of the slide holders; the Olympus camera was incompatible with the jig and the Nikon could not be used so close-up. Identical illumination was used throughout with the radiographs placed at the same location on the light box. The digital camera images were saved as JPEG files.
The mounted radiographs were also scanned with a Nikon Supercoolscan 4000 ED film/slide scanner (Nikon Corporation, Tokyo, Japan). This has a 23 million pixel CCD and a recording image of 3529 £ 5379 pixels. Scanner images were saved as TIFF files.
Olympus digital camera images each had approximately 300 kB of data, Nikon digital camera images had around 1 MB of data and Nikon digital scanner images had about 10 MB of data.
Digital images were loaded directly onto a Toshiba Satellite 2210 laptop (Toshiba Corporation, Tokyo, Japan) or transferred via a CD. The images were opened using Olympus Camedia Master software and, for the digital cameras, converted to 256 grey scale. For each conventional radiograph, the three corresponding digital images were then loaded on one slide using the Microsoft PowerPoint 1997 slide presentation program (Microsoft Corporation, Redmond, WA). Each slide used the full screen with a black background and had three equally-sized digital images.
Three experienced general dental practitioners were asked to compare each of the conventional radiographs with the three matching digital images and to rank the images in decreasing order of clarity (for their respective purpose). Also, each image (conventional or digital) was judged as to whether it was of adequate diagnostic quality for the purpose it was taken for. The evaluators were given only a brief period to become accustomed to the digital images prior to evaluating them.
The 40 conventional radiographs were examined on the light viewing box and the 120 digital images were viewed directly on the laptop monitor, with each digital image approximately nine times larger than the original radiograph. Image modification such as changing of contrast was not allowed. Image sequencing was the same for all evaluators. Two of the dentists used correcting lenses for their eyesight, while magnification from personal Digitized radiographs Digitized radiographs R Goga et al magnifying loupes, ranging from 2:5£ to 3:5£, was freely employed by all evaluators (although not for all images). Lux-meter readings of the light-box, performed throughout the photographic and evaluating process to ensure consistent output, were between 5200 lux and 5400 lux. After 3 weeks, 16 randomly chosen images (four from each group) were assessed again under the same conditions to investigate intraexaminer reliability.
Statistical analysis was done using General Estimating Equations, with the level of significance being set at P ¼ 0.05. Kappa tests were used to determine intraexaminer and interexaminer agreement. Kappa values of 0.81 to 1.00 signify very good agreement, 0.61 to 0.80 good agreement, and 0.41 to 0.60 moderate agreement. Table 1 shows the initial readings for the 40 images  and Table 2 shows the readings for the follow-up images.
Results
The clarity and diagnostic quality of the conventional radiographs was superior to the digital images produced by the three techniques (P , 0.001). There was no statistically significant difference between the Nikon and Olympus camera images for clarity or diagnostic quality. The scanner images were equivalent to the Olympus camera images (P ¼ 0.48) for diagnostic quality but otherwise inferior to both camera images in all other respects.
There was close to 100% intraexaminer and interexaminer agreement that the conventional radiographs were superior to all the digital images; this very high agreement precluded obtaining a Kappa value. There was also very high intraexaminer agreement that the conventional radiographs were of diagnostic quality, precluding obtaining a Kappa value. The interexaminer agreement that the conventional radiographs were of diagnostic quality was 87%, with a Kappa value of 0.48. Out of 120 assessments, a digital imaging modality ranked equal to the radiograph only 10 times. The radiograph was considered to be diagnostic 103 times and the Nikon camera image, Olympus camera image and Nikon scanner image 60, 50 and 45 times, respectively. There were no incidences where a digital image was considered diagnostic if the radiograph was not considered to be so.
There was no firm intraexaminer agreement (Kappa values from 2 0.09 to 0.08) or interexaminer agreement (Kappa values from 2 0.03 to 0.07) on whether one digital imaging system produced better images than the others. Likewise, there was no firm intraexaminer agreement (Kappa values from 2 0.09 to 0.08) or interexaminer agreement (Kappa values from 2 0.13 to 0.15) on whether the digital images were of diagnostic quality.
Discussion
Digital technology promises and delivers much to both dentistry and medicine. For many applications, including the dental operating microscope, the image quality of digital photographs is comparable with that of conventionally taken photographs. 13, 14 Consumer digital cameras are now specified as having 3 -4 million pixels, with professional cameras using over 6 million pixels.
When assessing digital photographs of conventional radiographs a number of points have been established. First, telephonically transmitted digital images do not differ in quality from stored images. 15 Second, digital images viewed on different state-of-the-art monitors, including laptop computers, are of equal quality. 16 Third, observers estimating distances from digital images displayed on monitors adjust very well to larger images, with a high degree of accuracy, despite digital images having been shown to have greater magnification distortion than conventional radiographs. 4, 17 Finally, digital images are likely to be viewed on monitors with background room lighting (usually fluorescent lights), and this has been shown not to affect detection of clinical information. 18 One of the fundamental aspects of digital systems is the size of the pixel in the image sensor, as opposed to the silver grain emulsion size in conventional radiographs. The pixel size for the Nikon D1X camera is approximately 12 mm by 12 mm, whereas the silver halide grain in F speed film is about 1.5 mm by 1.5 mm (personal communication with Eastman Kodak Company). Thus, the file tip of an ISO 06 file cannot be accurately recorded or viewed by a digital system with a pixel size that is bigger than the file tip, such as the Digora (64 mm by 64 mm). We initially used ISO 06 file sizes at working length but in most cases they proved unreadable on the conventional clinical radiographs. The tip of the ISO 08 file also proved difficult to localize at times, and was the primary reason why some of the original radiographs were deemed to be nondiagnostic by the evaluators. Nevertheless, this file size was selected to provide a rigorous test of the digitization capability of the three imaging modalities.
The low Kappa values for intraexaminer and interexaminer reliability for digital imaging modes were caused by several factors. The Kappa statistic can be strongly influenced by only a few disagreements, which can be clearly seen in the Kappa value of 0.48 for an 87% interexaminer agreement that the conventional radiographs were of diagnostic value. In a simple two-outcomes, two rater model with 40 evaluations, a Kappa value of 0.48 or lower would correspond to only five disagreements out of 40. Furthermore, evaluators with digital experience were unavailable for our study. The learning curve for new devices and techniques can be quite extensive, limiting the ability to perceive subtle differences between digital imaging modalities with similar capabilities. 19 Even for the assessment of conventional radiographs it has been shown that extensive training can be necessary in order to achieve good reproducibility of observations. 20, 21 It is likely that greater experience with digital images and more stringent criteria would result in better Kappa values. 22 The ranking of image quality by three evaluators not experienced in digitalization could bias the present data, making the digitization modes appear to be inferior. In this regard, the results need to be interpreted with some caution and it would be interesting to repeat this research with examiners experienced in digital imaging. However, our evaluators were constantly able to refer to the original radiograph when identifying features on the digital images and deciding on their diagnostic value. Thus, the diagnostic capability per se of the digital images (as opposed to the rankings) may not have been greatly influenced by bias. Furthermore, evaluators experienced in digitization may introduce a bias towards digital technology. Subconsciously, the known benefits of digital radiography in dentistry such as speed and reduced radiation exposure may outweigh any loss in resolution. Digital technology may also be sufficient for certain clinical decisions such as working length determination with a certain file size, but not for example, detection of early proximal caries. The number of radiographs used was insufficient to draw any conclusions, but future studies could be directed at making such comparisons.
The study showed similarities between the digital imaging modalities. This is because irrespective of the resolution of the camera or scanner, the resolution of the viewing screen will to a great degree determine the ultimate visual quality. The conversion of digital camera images to 256 grey scale did not seem to adversely affect the quality of the images. Ironically the slide scanner images, which had the largest file sizes and required no grey scale conversion, were often deemed to have the poorest contrast. It is unclear why this was the case, but it did result in the slide scanner being inferior in some aspects to the two digital cameras.
The original radiographs stood out by far as the best images. This is in contrast to other studies in the medical Digitized radiographs Digitized radiographs R Goga et al literature. 8, 9 Dental radiology deals with minute sizes and a number of closely related and superimposed mineralized structures, which can make subtle differences difficult to perceive. In addition, different methodologies may also contribute to different results. It is of interest that there was effectively no difference between a 300 kB image and a 10 MB image on the viewing monitor. Thus, although dental digital imaging has shown considerable progress, further improvement is still necessary. Part of this improvement will need to be directed at viewing monitors, both in terms of number of pixels and pixel size. Higher resolution screens will enable better use of modern, very high resolution CCDs. This is applicable not only to digital photography, but also DDR.
In conclusion, digitizing conventional dental radiographs using current high-grade digital cameras or scanners did not produce images of diagnostic quality. Improved resolution for viewing monitors is necessary to fully harness the potential of digital technology in dentistry.
